targeting needle removed. Harmony serial tissue dilators (Abbott Spine) were placed. Inner dilators were removed, leaving the largest flanged dilator as the working port. The bone tap was placed over the K-wire and threaded into the anterior third of the VB (Fig. 2) . The smallest tap (4.5 mm) was used in the thoracic spine and the largest (6.5 mm) in the lumbar spine. After removing the K-wire, the tap was flushed with 3 to 5 ml saline into the VB. Spineplex bone cement (Stryker Instruments) was mixed according to manufacturer's recommendations. Two to eight milliliters of cement was injected through the tap using a 10-ml Luer-Lock syringe (BD) and was monitored during continuous lateral fluoroscopy. The bone tap was left in place for approximately 1 minute to allow partial cement consolidation and then was unscrewed from the VB. This step was followed by the placement of either 4.5-mm InCompass pedicle screws (Abbott Spine) in the thoracic spine or 6.5-mm PathFinder pedicle screws (Abbott Spine) in the lumbar spine ( Fig. 3A-C) .
In all three cadaveric specimens the pedicle screws were placed unilaterally between L-5 and T-5, alternating between augmented and nonaugmented instrumentation. For example, if an L-5 pedicle screw was augmented with bone cement, an identically sized (diameter and length) pedicle screw was placed at L-4 and was left nonaugmented to serve as its control. This alternating process was followed throughout the three cadaveric spines (Fig. 3A-C) . After instrumentation, the surrounding musculature was removed. Spines were disarticulated into individual vertebra. Screw positions were checked to ensure no cortical breakout. The surrounding venous anatomy, including the basivertebral veins, intervertebral veins, and external venous plexus, was inspected for cement extravasation. Vertebral bodies were then embedded into gripping fixtures using a low-melting-point alloy, Cerrobend (Cerro Metal Products Co.). The instrumented pedicle and posterior elements were left free of the Cerrobend alloy, whereas the spinal canal was filled for stability (Fig. 4) . Axial pullout testing was performed using a biaxial servohydraulic testing machine (Instron 8874, Instron Corp.). Testing was performed at a rate of 5 mm/minute, with data recorded by the Instron 8874 at 50 Hz. After the failure of augmented specimens, pullout was continued until the mode of failure could be determined. After the failure of nonaugmented specimens, pullout testing was halted, failed screws were removed, and the VB was augmented with cement and reinstrumented. A subsequent axial pullout test was run on these reinstrumented segments to test pedicle screw augmentation as a salvage technique.
Statistical Analysis
A t-test was performed to compare the mean values of the combined (torso, clean spine 1, and clean spine 2) nonaugmented and augmented pullout strengths. A t-test was also used to compare nonaugmented with revised/augmented levels.
The Pearson product-moment correlation was calculated to analyze the relationship between the cement volumes used to augment the pedicle screws and failure load. Values represent the means +/-standard deviations.
Results

Bone Screw Augmentation
In the cadaveric torso specimen, five vertebral levels were instrumented without augmentation and six with aug- mentation in an alternating fashion to ensure that the change in pullout strength was not related to the spinal level ( Table 1 ). The mean cement injection was 2.6 ml/pedicle (range 2.0-3.0 ml/pedicle). The mean failure load was 770 Ϯ 96.7 N (range 664-912 N) for nonaugmented and 1442 Ϯ 695.7 N (range 547-2217 N) for augmented pedicle screws. The mode of failure was screw stripping at all levels tested.
Testing was replicated in the two clean spine specimens, with six nonaugmented and six augmented levels in each. Table 1 features the results obtained in the first clean spine specimen. The mean cement injection was 2.9 ml/pedicle (range 2.8-3.0 ml/pedicle). The mean failure load was 596 Ϯ 244.0 N (range 313-927 N) for nonaugmented and 1086 Ϯ 540.3 N (range 461-1884 N) for augmented pedicle screws. The mode of failure was screw stripping at all levels tested except for one combined pedicle/laminar fracture.
The results for the second clean spine specimen are also featured in Table * NA = not applicable. † All levels on the right side. ‡ Mode of failure in all cited cases was screw stripping except for instrumented levels T-12 (screw stripping with lamina fracture) and L-5 (pedicle/lamina fracture) for the clean spine 2 specimen.
§ Screw fractured pedicle. Data not used. || Machine malfunction; no data recorded. lumbar spine, respectively. The mean cement injection was 5.5 ml/pedicle (range 4.0-8.0 ml/pedicle). The mean failure load was 621 Ϯ 365.3 N (range 342-1333 N) for nonaugmented and 1872 Ϯ 830.3 N (range 822-3081 N) for augmented pedicle screws. The mode of failure was screw stripping at all levels tested. Polymethylmethacrylate was noted to flow easily from the bone tap on injection into the VBs in a radial pattern surrounding the pedicle screw, which was demonstrated on fluoroscopic images (Fig. 3B  and C) and axial cross-sections of VBs after pedicle screw removal (Fig. 5) . Interestingly, pedicle screws could be unthreaded from augmented VBs several hours after cement hardening, indicating that the procedure is revisable.
Comparisons of the mean values of the combined (torso, clean spine 1, and clean spine 2) nonaugmented and augmented pullout strengths demonstrated that pullout strength is increased significantly (p = 0.001) when vertebroplastic augmentation is performed before pedicle screw insertion (Fig. 6) . The pullout strength increased from 656 Ϯ 262 N in the nonaugmented screws to 1443 Ϯ 723 N in the augmented screws, a 119% increase. Overall, the mean volume of PMMA used was 3.7 ml/pedicle (range 2.5-8.0 ml/pedicle) in the two groups of cadavers; a low-cement group (Ͻ 2.8 ml/pedicle, torso and clean spine 1) and a high-cement group (Ն 5.5 ml/pedicle, clean spine 2). Interestingly, the pullout strength did not significantly change between the two groups with increased cement usage (p > 0.05 for all comparisons).
Nonaugmented Compared With Subsequent Augmentation
Subsequent augmentation was done as a means of evaluating pedicle screw augmentation as a salvage procedure. It was performed by pulling out nonaugmented samples from the torso specimen, augmenting those levels, and reinstrumenting the levels with screws of the same length (4.5-mm-diameter screws replaced with 5.5-mm-diameter screws and 6.5-mm-diameter screws replaced with other 6.5-mm-diameter screws; Table 2 ). The mean cement injection was 5.2 Ϯ 1.3 ml/pedicle (range 3.8-7.0 ml/pedicle). The mean failure load was 797 Ϯ 88.2 N (range 701-912 N) before augmentation and 2091 Ϯ 482.2 N (range 1484-2643 N) after augmentation in the same specimens, a 162% increase. The mode of failure was screw stripping at all levels tested. When comparing the original nonaugmented peak load to failure value (797 N) with that after subsequent pedicle screw augmentation (2091 N), the pullout strength increased significantly (p = 0.01; Fig. 7 ).
This additional strength is greater than can be attributed to the use of larger-diameter screws alone (without cement augmentation). As demonstrated in Table 3 , utilization of a larger-diameter screw alone does not provide increased pullout strength in revision surgeries performed because of stripped screws. Additionally, when compared with the subsequent augmentation results in Table 2 , it is evident that the increased pullout strength in revised levels is not solely due to the cement or screw alone, but rather to a combination of reaugmentation and screw replacement.
Discussion
The use of bone cement in orthopedic procedures involving joint prostheses fixation has been used since the late 1960s, with consistent demonstration of a strengthened bone-prosthesis interface. 2, 15 Data from recent studies have revealed the same concepts to be applicable to PMMAaugmented pedicle screw fixation in the spine. 5, 7, 11, 13, 14, 17 For example, Sarzier et al. 13 evaluated pedicle screw pullout strength in osteoporotic cadaveric spines and found that the mean increase in pullout force was 181% for Jekei Grade I, 206% for Jekei Grade II, and 213% for Jekei Grade III osteoporotic spines. Additionally, the PMMA-augmented Grade I osteoporotic spines demonstrated axial pullout forces similar to nonosteoporotic specimens, whereas the PMMA-augmented Grades II and III osteoporotic specimens exhibited increases to levels found in nonaugmented vertebrae with low-normal bone mineral density and nonaugmented Grade I vertebrae, respectively. These authors concluded that the maximum attainable force appears to be twice the pullout force of the nonaugmented pedicle screw for each osteoporotic grade including the Jekei Grade III osteoporotic spines. This point is important given that Soshi and colleagues, 14 who used cadaveric lumbar vertebrae, found no benefit in PMMA augmentation for Jekei Grade III osteoporosis. The differences in these two studies may relate to variations in experimental techniques; however, data from both support the theoretical use of PMMA-augmented pedicle screw fixation.
Here, we report a significant increase in the pullout strength of pedicle screws after PMMA augmentation in an osteoporotic cadaveric spine model. The pullout strength was increased in primary and salvage procedures by 119% and 162%, respectively. Overall, the mean volume of PMMA was 3.7 ml/pedicle (range 2-8.0 ml/pedicle) in the two groups of cadavers: a low-cement group (Ͻ 2.8 ml/ pedicle) and a high-cement group (Ն 5.5 ml/pedicle). Although the use of PMMA augmentation to increase pedicle screw pullout strength is not novel, the technique described in the present study offers several new concepts on improving the procedure. For example, a cement injection less than 2.8 ml/pedicle is as effective as one that is greater than 5.5 ml/pedicle. Thus, we recommend using the lower range of cement volumes in pedicle screw augmentation procedures to perhaps reduce the likelihood of cement toxicity. We also found that screws can be removed after cement curing with the appropriate torque to minimize the difficulties that can arise during a revision procedure.
The design of this study was limited to the biomechanical assessment of pedicle screw augmentation in both primary and salvage procedures utilizing PMMA bone cement delivered via the Pedestal fenestrated bone tap. Axial pullout strength was assessed with and without augmentation while using different volumes of cement. Various cement delivery systems and procedures and cement types were not evaluated or compared with the technique described herein and will be the focus of a future biomechanical analysis. Although a potential shortcoming, the direct comparison of this technique with pedicle tapping and cement injection was not performed in the present study. We have abandoned the latter procedures in favor of the fenestrated tap for safety reasons. Posterior migration of cement commonly occurs along the injection track toward the neural elements when first tapping the pedicle and then injecting cement. In contrast, posterior migration of cement along the fenestrated tap has not been demonstrated in the present study or in the clinic. In fact, using the fenestrated tap further facilitates the fixation procedure by combining these separate steps into one. Nonetheless, statements regarding the effectiveness of one of these techniques over another in terms of pullout strength testing cannot be rendered until a head-to-head comparison is made. Finally, it is possible that the use of more instrumented levels in a greater number of specimens would have improved this study. Note, however, that 43 levels were instrumented in three cadavers in this study as compared with 42 levels in four cadavers (six evaluated and four used) in the study conducted by Sarzier et al. 13 Using a similar experimental design in terms of specimen numbers and instrumented levels, we demonstrated a significant difference in pullout strength between augmented and nonaugmented pedicle screws in both primary and salvage procedures; therefore, no additional cadaveric specimens were used.
Conclusions
Polymethylmethacrylate-augmented pedicle screw fixation results in a significant increase in the axial pullout strength of augmented pedicle screws in both primary and revision procedures. This technique may be a valuable adjunct in cases in which bolstering of the screw-bone interface may be necessary, such as in instrumentation of the osteoporotic spine.
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FIG. 7.
Bar graph exhibiting the axial pullout strength of subsequently augmented pedicle screws (dark gray bar), which is significantly greater than that of the original nonaugmented pedicle screw (light gray bar) peak load to failure value (p = 0.01). 
